A s bstract. We previously observed that osmoregulation and the osmotic threshold for antidiuretic hormone secretion were altered during pregnancy in SpragueDawley rats and the present study evaluated the influence of volume on arginine vasopressin (AVP) release during gestation in this species. Basal plasma osmolality (Posm) and intravascular volume were 297±3 mosmol/kg and 16.2±1.2 ml in virgin animals compared with 290±2 mosmol/kg and 20.2±2.3 ml in 14-d pregnant rats and 287±3 mosmol/kg and 25.2±2.3 ml in 21-d (near-term) pregnant rats (P < 0.001, each pregnant group vs. virgin). Isosmotic volume depletion was produced by intraperitoneal polyethylene glycol. Volume decreased from 1 to 26% and blood pressure remained stable during decrements as high as 16%. Plasma AVP (PAvp) did not rise significantly in either group ofpregnant animals or virgin controls until blood volume depletion reached 6-7%, after which levels rose in a similar exponential manner in virgin, 14-d, and 21 -d pregnant animals. In terms of absolute changes, however, PAvp in gravid rats started to increase when intravascular volume was still considerably greater than basal blood volume in the nonpregnant controls.
Introduction
Osmoregulation is altered during both human and rodent gestation (1) (2) (3) . For instance, plasma osmolality (Posm) is 5-10 mosmol/kg lower in pregnant than in nongravid women, yet gravidas concentrate and dilute their urines appropriately when subjected to water loading or dehydration (3). We have described similar alterations during rodent gestation, noting that Posm and the osmotic threshold for arginine vasopressin (AVP) secretion are decreased 10 mosmol/kg in Sprague-Dawley and Long Evans rats (4, 5) . Mechanisms responsible for these changes are undefined, but could relate to a variety of humoral, volume, or hemodynamic alterations that accompany pregnancy. Thus far, however, we have been unable to demonstrate any roles for circulating estrogen, progesterone, or angiotensin 11 (4, 6) . Volume homeostasis, another variable influencing AVP secretion pregnancy (11) and in the nonpregnant rat, intravascular volume deficits decrease the osmotic threshold for, and stimulate the secretion of, antidiuretic hormone (9) . The present study was therefore designed to characterize the influence of intravascular volume depletion on AVP release in pregnant rats. One hypothesis tested was that if "effective blood volume" was indeed decreased in the pregnant animals, they should respond to further depletion in an exaggerated fashion. The results, however, demonstrated that despite an increased intravascular space, which at term is nearly twice the controls, pregnant rats secrete AVP in response to fractional isosmotic volume depletion in a manner similar to that of age-matched virgin animals. This meant that plasma levels of the hormone increased in the gravid rat when circulating volume was still considerably greater than that ofthe controls. Said otherwise, the volume-sensing AVP secretory mechanism is altered during pregnancy such that the increased intravascular volume is recognized as normal.
Methods
Experiments were performed on pregnant Sprague-Dawley rats and agematched virgin controls (Holtzman Animal Supplies, Madison, WI). Gravid animals, mated between I1 and 12 wk of age, were studied in the morning either 14 or 21 d after sperm was observed in vaginal smears. The animals, housed in a facility with constant temperature and fixed 12-h light cycle, were allowed free access to standard chow and water until the start of each experiment.
Blood volume determination. Total blood volume was determined by the simultaneous measurement of plasma volume (Evans blue dye dilution) and erythrocyte mass (5"Cr-tagged erythrocytes) using a modification of methods described by Belcher and Harriss (12) and Gresson and colleagues (13) . Briefly, animals were anesthetized with intraperitoneal pentobarbital and a tracheostomy was performed. PE-50 cannulas were placed in the right jugular vein and left carotid artery and 1 ml isotonic saline was infused to replace surgical losses. 5"Cr-tagged erythrocytes suspended in 0.2 ml isotonic phosphate buffer were then injected intravenously and after 5 min, 0.2 ml of Evans blue dye solution (50 mg/ml) was infused into the jugular vein. 5 min later arterial blood was collected for determination of 5"Cr-radioactivity and dye concentration (spectrophotometry at 605 nm). Standard curves, constructed by dissolving known quantities of dye in plasma (a gravid donor utilized when reading pregnancy unknowns and virgin plasma for the controls), were linear and highly reproducible.
Isosmotic intravascular volume depletion. Isosmotic blood volume depletion was produced using a modification of methods described by Brenner and Berliner (14) as well as Dunn and colleagues (9) . 2 ml/ 100 g body weight i.p. of one of the following solutions were given: (a) polyethylene glycol (PEG) (Sigma Chemical Co., St. Louis, MO; =3,250 mol wt) 70-90 mg/ml in isotonic saline; (b) 100-250 mg/ml PEG in slightly hypotonic saline;2 or (c) isotonic saline alone; and 2 h later rats 2. Use of PEG at concentrations of 100 mg/ml or greater in isotonic saline actually produced hypertonic volume contraction. Pwnm rose as much as 4-5 mosmol/kg above that of control animals receiving intraperitoneal isotonic saline alone and the increments persisted after correcting for the increases in plasma urea, which also occurred during volume depletion. This increased Posm can be explained by the fact that the nonabsorbable PEG causes a more rapid flux of water than solute were killed by guillotine, care being taken to avoid squeezing the thorax ( 16) . Blood issuing from the trunk was collected in chilled heparinized tubes; small portions were immediately drawn for microhematocrit determination and the remainder centrifuged at 4VC. Osmolality was determined on separated plasma and the remaining sample stored at -10C until further use. Immediately after death, the abdomen of each animal was carefully opened and the quantity of peritoneal fluid determined by weighing the carcass before and after evacuation of fluid. In addition, the uterine contents of each pregnant animal were weighed and the number of pups recorded.
In (17) . With this technique, 1 ml of plsama yields 0.7 ml of extract and when extract is evaporated to dryness, recovery of added AVP is 69.8±6.3% (n = 12). Thus, the 0.7 ml of extract should theoretically contain 100% of the original AVP in terms of concentration. In our assay, recovery of '25I-AVP added to plasma is 99±7% (n = 32), while that of "cold" AVP is 98±11% (n = 8) at 1 pg/ml, 94±5% (n = 8) at 3 pg/ml, 100+7% (n = 8) at 5 pg/ml, and 101±5% (n = 10) at 10 pg/ml. The assay buffer was 0.1 M sodium phosphate at pH 7.6 and contained 0.3% (wt/vol) NaCI (18) . The tracer, the specific activity and nonspecific binding of which averaged >1,000 gCi/gg and <5%, reinto the peritoneum (15) . We succeeded in producing isosmotic dehydration by dissolving the PEG (I100-200 mg/ml) in saline, the tonicity ofwhich averaged '-20 mosmol/kg below that injected into the controls.
Furthermore, the data were acceptable only ifthe experimental animal's Posm was within 1 SD of the mean of the control (nondepleted) group. spectively, was prepared by iodinating synthetic AVP with the chloramine T method (19) . The antiserum, produced in our laboratory ( Aldosterone assay. Plasma aldosterone was measured by a commercial kit (Abbott Diagnostics, Diagnostic Products, North Chicago, IL). The antiserum is highly specific and has virtually no cross-reactivity with other steroids or lactones. We could detect no aldosterone activity in blood from adrenalectomized rats.
Plasma osmolality was determined in duplicate by freezing-point depression (Advanced Instrument Osmometer 3D II, Advanced Instruments, Inc., Needham Heights, MA) and plasma urea nitrogen was determined on a Beckman Urea Analyzer II (Beckman Instruments, Inc., Fullerton, CA). Hematocrits were measured with an Adams microhematocrit centrifuge and reader (Clay Adams, Inc., New York) and were then used to determine changes in blood volume using the formula: percent blood volume depletion (ABV) = I -hct,/hct, X 100, where hcqt represents the mean hematocrit of the control and hct,, the experimental group. Use of this formula requires two assumptions: (a) that the tested animal's hematocrit was similar to the control group mean before experimental manipulation and (b) that circulating erythrocyte mass remains constant. Both 5"Cr-and 3H-radioactivity were determined using a Packard well-type counter (Packard Instruments, Inc., Downers Grove, IL).
Statistical analyses of group means were performed using the t test for unpaired samples. Linear and exponential regression equations were generated with a programmable calculator, Hewlett-Packard model 41C
(Hewlett-Packard, Corvallis, OR) using the least squares method and analyzed for differences using BMDP statistical software (20) . Significant increases in dependent variables were determined as follows: Data grouped in intervals of the independent variable were subjected to analysis of variance, which was followed by Bonferroni multiple comparisons tests. Both procedures were performed using BMDP software (20) . In addition the regression equation was utilized to calculate the point on the abscissa at which the independent variable increased to a value 2 SD above the mean of the control group. A P-value <0.05 was considered significant. A Bonferroni corrected P value was used where multiple comparisons were performed. All data are given as mean±SD.
Results
Studies were performed on 471 rats. Total body weight of 14-d gravid animals (average 11±2 pups/litter) was 304±20 g (n = 55) compared with 358±24 g (n = 168) (average 11±2 pups/litter) in 2 1-d gravid rats and 260±13 g (n = 170) in agematched virgin controls (P < 0.001 each pregnant group vs. virgin). Pom, plasma sodium, and hematocrit were all significantly lower in gravid rats, the mean values of which were 290±2 mosmol/kg, 141±2 meq/liter, and 38.7±1.4%, respectively, on gestational day 14 (n = 11) and 287±3 mosmol/kg, 139±2 meq/liter, and 33.0±2.1% on gestational day 21 (n = 16) compared with 297±3 mosmol/kg, 144±2 meq/liter, and 42.0±1.6% in virgin animals (n = 17). All values in pregnant rats were significantly different (P < 0.001) from those in virgin controls.
Blood volume determination. Preliminary studies were performed to determine if the kinetics of the markers used to measure plasma volume and erythrocyte mass were similar in 21 -d pregnant and virgin animals. Intravascular mixing was complete 5 min postinjection for Evans blue dye in both gravid and control rats. Furthermore, escape of the dye from the circulation (expressed as a percentage of the 5-min postinjection value) did not differ during the first 10 min postinjection, but by I h the loss was greater for the pregnant compared with virgin rats (pregnant: 33.5% loss, virgin: 21.5% loss, P < 0.005).
In a similar manner, mixing of 5"Cr-labeled erythrocytes was complete in gravid and virgin rats at 10 min and serial measurement of erythrocyte mass remained stable from 10 min through I h after marker injection in both groups of animals. Table I summarizes the results of plasma volume and erythrocyte mass determinations in pregnant and virgin rats. Total intravascular volume was significantly greater (P < 0.001) in both pregnant groups compared with virgin controls. In the 14-d gravid animals, this was due solely to expansion of plasma volume (+26%), while the marked increase in total blood volume (+54%) in near-term pregnant rats was due to increments in both plasma volume (+74%) and erythrocyte mass (+ 14%). All volumes were significantly greater (P < 0.001) in 21-d compared with 14-d pregnant animals. Effect ofintraperitoneal PEG on volume, bloodpressure, and vasopressin. In a series of preliminary studies we validated the methodology used by Dunn and colleagues (9) by ascertaining that intraperitoneally injected PEG is not found in the circulation in quantities sufficient to significantly alter plasma osmolality determination. Tritiated PEG (New England Nuclear, Boston, MA, =3,850 mol wt) was added to 2 ml/100 g body weight of a solution containing unlabeled PEG (250 mg/ml in saline) and injected intraperitoneally into 21-d gravid and virgin rats; plasma radioactivity measured 2 h later was considered to represent intact PEG. In these experiments, where the amount of PEG used was equivalent to the maximum amount injected into any rat during the isotonic volume depletion studies, only 0.47±0.23 mM/liter and 0.41±0.13 mM/liter PEG were detected in the plasma of pregnant (n = 8) and virgin (n = 8) rats, respectively. Addition of similar amounts of unlabeled PEG to rat plasma had no detectable effect on osmolality.
The degree ofintravascular volume depletion achieved with intraperitoneal PEG ranged from <1 to 26% and values in individual rats are shown in Fig. 1 Table  I . The results clearly demonstrate that the pregnant animal must lose a greater quantity of intravascular fluid than the virgin in order to evoke a given increment in PAVP. Nevertheless, increases in AVP levels occur when the gravid rat has lost only 0.7 ml/ 100 g body weight, a point at which its total intravascular volume (9.1-0.7 = 8.4 ml/100 g body weight) is still substantially greater than that ofthe non-depleted virgin animals (5.9 ml/100 g body weight). Furthermore, the pregnant rats with the greatest fractional depletion and PAvP levels >30 pg/ml still had absolute volumes greater than that of the control virgins.
Effect of volume depletion on osmotic stimulation ofA VP release. The intraperitoneal injection of hypertonic saline alone provoked increases in both P,,,m and PAVP. Highly significant regression lines could be constructed for 2 l-d gravid and virgin groups in which the x-intercept defined the apparent AVP secretory threshold which was = 11 mosmol/kg lower in pregnant compared with virgin animals. (9) who observed a range of slopes from 0.8 to 1.9 in male Sprague-Dawley animals. Fig. 3 and Table III summarize two experiments in which the effects of osmotic stimulation on AVP release were simultaneously studied in volume depleted and control rats. Both small (n7%) and moderate (n 12%) blood volume depletion had profound effects of similar magnitude in 2 l-d gravid and virgin animals on the osmotic release of AVP as evidenced by an increase of two-to threefold in the slopes of the regression lines for the volume depleted animals in each study.
Limitation of the pregnant animals' water intake during gestational days [16] [17] [18] [19] [20] led to hypertonicity, subnormal intra- (Table IV) . Posm, which is already minimal by day 15 of pregnancy (21, 22) , increased in water-restricted gravid rats to that of the virgin while intravascular volume was 5.5% lower in water-deprived compared to control pregnant animals (hematocrit of waterdeprived rats was 34.8±2.1% vs. 33 .0±2.1% in 21-d gravid controls). The increase in PAvP from 2.7±0.3 pg/ml to 19±6 pg/ ml observed in these studies is consistent with the results of the above protocols wherein Posm and blood volume were altered acutely.
Discussion
We previously reported that osmoregulation is altered during pregnancy in the Sprague-Dawley rat noting that Posm and the threshold' for antidiuretic hormone secretion decrease 10 mosmol/kg in near-term animals (4). The present data extend these observations and suggest that the volume-sensing AVP secretory mechanism is altered during pregnancy as well.
Volume, like osmolality, is an important determinant of AVP secretion. Reduction in extracellular fluid volume stimulates while intravascular volume expansion reduces AVP release (7, 10) . Furthermore, in the rat, volume depletion may shift the osmotic threshold for AVP secretion to a lower Posm (9) . Pregnancy in both humans and rodents is accompanied by sub-3. Actually there is a debate as to whether or not the osmoreceptor truly exhibits threshold behavior or functions in a continuous manner (23) (24) (25) . Certainly, there is a Po,,, under which PAvP is usually undetectable and urine osmolality minimal, and above which secretion is clearly stimulated. In the latter circumstance the AVP-osmolality relationship can be precisely defined by a linear equation and we have chosen to call the osmolar intercept of the regression equation relating PAVP to Posm the apparent secretory threshold. stantial increases in vascular volume (26) , changes which in theory should suppress AVP release. However, it also has been suggested that despite absolute increments, "effective blood volume" is actually decreased during gestation (1 1), a circumstance akin to that seen in cirrhosis and congestive heart failure, two clinical situations in which nonosmotic stimulation of vasopressin secretion occurs (27) (28) (29) . In favor of the latter view is that gravidity in humans is characterized by a marked stimulation ofthe renin-aldosterone system and a small decrement in mean arterial pressure (30). The present experiments were thus designed with the above views in mind, and one hypothesis considered was that if "effective blood volume" were in fact decreased the gravid rat would be hyper-responsive to further decrements in volume, responding with an earlier and steeper rise of PAVP levels when compared to control animals. Our findings, however, did not confirm this hypothesis. The PAVP responses to fractional decreases in blood volume were similar in 14-d pregnant, 21-d pregnant and virgin groups with little or no increase in secretion occurring until volume depletion had reached 6-7% and exponential rises noted with further fluid loss (Fig. 1) . Also, since gravid animals had a larger intravascular space, a greater quantity of fluid loss was required to produce PAVP levels similar to those of controls. Interestingly, however, the initial secretory response (thresholds) occurred when absolute intravascular volumes were still considerably greater than those of the nonpregnant rats (Fig. 2) . Thus, the relationship between total blood volume and AVP release changes during pregnancy in such a manner that the increased intravascular volume is recognized as normal. Said otherwise, ifthe appropriate increase does not take place the effective volume will be sensed as decreased.
The relationship between PAVP and blood volume in gravid rats differs from that observed in acutely expanded nonpregnant dogs (31) . In the latter species saline infusion calculated to increase blood volume 20% suppresses PAVP. When the animals are then hemorrhaged in a manner which restores intravascular volume to euvolemic levels PAVP returns to base-line values. Whether the differences between these results and ours are due to pregnancy, chronic adaptation to 'hypervolemia' or a species difference remains to be determined. Decrements in blood volume may decrease blood pressure and the latter change alone could be responsible for the observed increases in AVP secretion (7, 32) . We therefore monitored intra-arterial pressure before and after intraperitoneal instillation of PEG. Pressures remained stable with volume depletion as great as 16%, demonstrating that the increases in PAVP were primarily a function of the volume deficit per se.
Basal PAVP was similar in pregnant and control rats, and levels rose similarly as fractional volume deficits increased. Since PaJdosterone(pg/ml) 235±120 1,143±284
<0.001
* The water intake of gravid rats was restricted to that consumed by virgin controls 1 d previously; n is given in parentheses.
volume was always larger in near-term dams (Fig. 2) total circulating AVP was consistently greater in gravid compared to virgin rats at comparable levels of PAVP. Metabolic clearance rates were not measured in these animals but if similar in the two groups and unaltered during volume depletion, gravid animals would have to secrete more hormone to achieve an identical increment in PAVP.
In the second phase of these studies we analyzed the interaction ofosmolality and volume on the control ofAVP secretion.
Interpretation ofthe data in Tables II and III and Fig. 3 requires review of previous observations concerning osmoregulation in the Sprague-Dawley strain. Dunn and colleagues (9) injected hypertonic saline intraperitoneally into male Sprague-Dawley rats and observed a positive and highly significant correlation between PAVP and Posm, the regression lines of which defined the apparent threshold for AVP secretion. They repeated these experiments seven times over many months and noted that although the threshold remained quite constant, the slope of the regression lines varied twofold, a phenomenon they were unable to explain. We too noted some variation in the slopes during our earlier studies in which hypertonicity was provoked by intraperitoneal saline once and by fluid deprivation on two other occasions (4) . However, water restriction may evoke volume depletion as well as hypertonicity and in the present series the intraperitoneal saline studies were repeated three separate times. The results were consistent with those of Dunn and coworkers (9), the apparent threshold for AVP (9) also noted that moderate volume depletion lowered the osmotic threshold for AVP secretion significantly albeit by only a few mosmol/kg. We too noted small decreases in the threshold which clearly could not explain the magnitude of the decrement seen in pregnancy.
The paired water studies (Table IV) were designed to affect both volume and tonicity in a more chronic manner than that used in acute experiments. After 5 d of limited water intake Posm in the gravid rats was equal to that in the virgins, while intravascular volume was 5.5% below that of free-drinking controls. The results are comparable to those of the acute studies in that the combination of hypertonicity and a decrement in volume (which alone should affect PAVP minimally) led to markedly increased levels of the hormone. These data are of further interest. In the PEG-hypertonic saline protocol, volume was actually decreased acutely while in the paired-water study the marked increment in intravascular volume that normally occurs during days [16] [17] [18] [19] [20] (Table I) was presumably suppressed and it was suboptimal expansion (such as might occur in pregnant subjects who are sodium restricted or given diuretics), which apparently stimulated the AVP-secretory mechanism.
Our data provide little information on the mechanisms that alter the volume-sensing AVP secretory response in pregnancy, but one might speculate that it occurs at the level of the atria or venous capacitance system (the low pressure baroreceptors). Afferent impulses originating in the stretch receptors of the left atrium (possibly the right) or in the other parts ofthe cardiothoracic vasculature and transmitted to the brain via the vagus nerves are primarily responsible for the control of AVP release in response to volume changes of a magnitude which do not affect mean arterial pressure (7, 33, 34) . We are unaware of atrial, central venous, and/or pulmonary artery wedge pressure measurements in gravid rats but these values are unchanged in human pregnancy (35) . Thus, there may be a primary vascular adaptation to the blood volume expansion (i.e., an increase in compliance) and since the increase is accommodated without increment in left atrial pressure, the central nervous system would interpret this new volume status as normal.
One might also speculate that vascular changes precede rather than accompany the volume expansion. This leads to a decrement in effective volume, nonosmotic stimulation of antidiuretic hormone release, and a decrease in the osmotic threshold Since this does not occur, factors other than alterations in volume must be considered in the mechanism responsible for the hypoosmolality and decreased osmotic thresholds for thirst and AVP that are characteristic of rat gestation.
It should further be noted that the postulates presented here are based on observations that relate to days 14-21 of rat gestation, which is the period of greatest sodium retention and volume expansion (36) . Volume-AVP relationships in early rat pregnancy, especially in the period preceding the decrease in Posm (before day 10) remain to be delineated.
Both extracellular (36) (37) (38) and intravascular (21, 39, 40) volumes increase during pregnancy in the rat. Significant increments in the former have been noted by 1 Table I ). Erythrocyte mass was also measured in the present experiments, demonstrating that these values also increase during gestation in Sprague-Dawley rats. The increments, however, were substantially less than for plasma volume, thus explaining the observed decreases in hematocrit from 42.0±1.6% in virgin animals to 38.7±1.4% in 14-d gravid and to 33.0±2.1% in 21-d gravid rats. We are unaware of similar measurements in pregnant rodents, but it is of interest that these changes parallel those observed during human gestation (26) . This study, which focused on the effects of volume and osmolality on antidiuretic hormone secretion in pregnancy, provides data that are also of interest in relation to previous reports that attempted to characterize the relative importance of these variables as stimuli of AVP release. In the earlier literature (reviewed in [71) where bioassays were used there were discrepancies concerning the relative sensitivity ofthe secretory response to changes in either osmolality or volume. In 1973, Dunn et al. (9) , using a highly specific and sensitive radioimmunoassay, were able to demonstrate increments in PAVP when Posm increased as little as 1-2%, but volume depletion failed to evoke significant increases in hormone level until intravascular deficits reached =7%. Our observations in virgin animals are virtually identical to theirs and these relationships hold when extended to the pregnant rat.
In conclusion, these studies demonstrate that pregnant Sprague-Dawley rats secrete AVP in response to fractional decreases in blood volume in a manner similar to virgin animals although this occurs in the former at a markedly increased intravascular volume. This indicates that the relationship between total blood volume and AVP secretion is altered during gestation such that the expanded intravascular volume that accompanies the gravid state is recognized as normal. Furthermore, failure of volume to adequately expand will be sensed by the pregnant animal as decreased even when absolute volume exceeds that of the nonpregnant state. These findings complement previous observations from this laboratory demonstrating a resetting of the osmotic threshold for AVP release during pregnancy. Elucidation of the mechanisms whereby both osmotic and nonosmotic regulatory functions of the vasopressin system are reset during gestation will be the focus of future investigation.
